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Controlled microbubble stability upon exposure to consecutive ultrasound exposures is important
for increased sensitivity in contrast enhanced ultrasound diagnostics and manipulation for localised
drug release. An ultra high-speed camera operating at 13 10
6 frames per second is used to show
that a physical instability in the encapsulating lipid shell can be promoted by ultrasound, causing
loss of shell material that depends on the characteristics of the microbubble motion. This leads to
well characterized disruption, and microbubbles follow an irreversible trajectory through the
resonance peak, causing the evolution of speciﬁc microbubble spectral signatures. V C 2012
American Institute of Physics.[ http://dx.doi.org/10.1063/1.4746258]
The rapidly developing ﬁeld of contrast-enhanced ultra-
sound spans application areas from molecular diagnostics to
novel therapeutic techniques.
1,2 The introduction of visco-
elastic phospholipid shells to physically stabilise microbub-
bles over prolonged periods in vivo
3 has enabled their safe
and reproducible usage as contrast agents in diagnostic ultra-
sound, as a means to enhance the echogenicity of the blood
pool and the microcirculation during ultrasound imaging.
1 In
modern diagnostic ultrasound applications, microbubbles are
exposed to a series of short ultrasound pulses. Subsequent
signal processing enables both tissue scatter cancellation and
exploitation of the microbubble nonlinear properties. Their
use as drug/gene delivery agents is also attractive, as they
can promote (a) site speciﬁc targeting,
4 (b) increased cell
permeability and membrane permeation,
5 and (c) deliver
gene or other drugs safely in a variety of techniques.
6,7 How-
ever, the mechanism of ultrasound mediated microbubble
disruption and degradation remains unclear
8–10 and this hin-
ders the development of both advanced imaging modalities
and efﬁcient drug delivery strategies for an integrated thera-
nostics approach.
The existing literature suggests that acoustic ﬁelds can
be controlled to avoid damage to the microbubble shell,
which will otherwise irreversibly lose structural integrity
above the fragmentation threshold.
11 However, the structural
stability, and hence the stability of the backscattered signal,
of the microbubble below such a threshold has not been
interrogated until recently. New experimental techniques
that enable detailed optical observation of the microbubble
shell during oscillation hint at physical mechanisms such as
buckling,
12,13 lipid shedding
14,15 and deﬂation,
16 although
the intricacies of ultra high-speed optical experiments limit
the sample sizes obtained.
The study of the mechanisms that underlie this “quasi-
stable” behaviour of microbubbles over a series of pulses is
the aim of the present letter. A high speed optical camera
was deployed to examine the response of single microbub-
bles to ultrasound exposure. Results show that as microbub-
bles decay they shed shell material and follow an irreversible
trajectory through the resonance peak, leading to a well char-
acterized evolution of oscillation amplitude. The amount of
material removed from the shell is shown to be dependant
upon the relative amount compression during each the
oscillation.
Perﬂuorocarbon-ﬁlled phospholipid coated microbub-
bles (Deﬁnity
V R, Lantheus Medical Imaging N. Billerica,
MA, USA) were imaged using an ultra-high speed optical
camera system. Microbubbles were isolated in solution at
room temperature and allowed to ﬂoat against the top surface
of a 200lm cellulose capillary tube (Spectrum Laboratories,
Rancho Dominguez, CA, USA). Optical images from an
upright microscope (BXFM, Olympus, Nederland BV, Zoe-
terwoude, The Netherlands), with a 60 magniﬁcation
objective (LUMFPL, Olympus; NA¼1.00, water immer-
sion) and a 4 magniﬁer (U-CA, Olympus) were captured
by the Brandaris-128 camera as described previously in
Ref. 17. Each recording contained 128 frames captured at
13 10
6 frames per second, allowing the radial oscillations
from a six cycle 1.6MHz pulse to be measured. To demon-
strate the mechanism of quasi-stable lipid shedding, Fig. 1(a)
shows eight non-consecutive frames from a recording of a
microbubble during the compression phase of one cycle of a
300kPa peak negative pressure pulse. The bubble can be
seen to fragment in frame 4, and shedding of a lipid bubble
is observed. Initial resting radius of the microbubble was
R0¼4.8lm, which was reduced to R0¼3.5lm at the end of
a)Author to whom correspondence should be addressed. Electronic mail:
d.h.thomas@ed.ac.uk.
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spherical and stable after the insonation. This ﬁgure shows
that microbubbles can loose a signiﬁcant amount of shell ma-
terial to produce a subsequently stable microbubble. How-
ever, as 300kPa incident pulses are above the fragmentation
threshold and oscillations are likely to be non-spherical. In
order to characterise the effect of shedding on the oscillation
amplitude, subsequent optical measurements are performed
at acoustic pressures below the fragmentation threshold.
43 single deﬁnity microbubbles were insonated with con-
secutive pulses of six cycle 100kPa peak negative pressure
every 80ms. Microbubbles were observed to reduce in radius
by up to 15% in response to a total of 64 insonations over a
total of 2.55s. Following each reduction in radius, it was
observed that the subsequent bubbles remained spherical and
optically resembled those of a similar size but previously not
insonated. The reductions in radius occurred during the inso-
nations, and no signiﬁcant reduction in radius occurred
between insonations. Figures 1(b)–1(d) show examples of op-
tical observations of three individual lipid shelled microbub-
bles, which demonstrate the stages of microbubble deﬂation.
Incident pulses can be seen to produce stable and spherical
oscillations, allowing the component of the radial oscillation
corresponding to the fundamental frequency of the pulse,
Afun, to be calculated at different time points of the microbub-
ble’s deﬂation.
18 Fig. 1 shows oscillations from microbubbles
that are initially above resonance (b), at resonance (c), and
below resonance (d), with resonance radius (Rres) deﬁned as
that which gives maximum amplitude of oscillation. The reso-
nance radius of the ﬁrst insonation agrees with previous inves-
tigations of similar lipid shelled microbubbles.
19,20 The
amplitudes of subsequent oscillations do not provide a signiﬁ-
cant departure from the resonance curve as calculated from
the microbubble’s ﬁrst pulse response, and shown in Fig. 1(e).
The data from 43 microbubble’s ﬁrst pulse responses have
been ﬁtted with a nonlinear least squares ﬁt, and the 95%
conﬁdence interval is shown in Fig. 1(e). The majority of sub-
sequent responses are contained within this interval. Micro-
bubbles larger than the resonant radius (R0>2.5lm) show an
increase in amplitude of oscillation in response to subsequent
oscillations and tend towards the mean resonance curve with
each reduction in size. Microbubbles below the resonance
peak (1lm<R0<2.5lm have decreasing amplitude of oscil-
lation with each radius reduction. Microbubbles with
R0<1lm size show no observable oscillations above the re-
solution limit of the system.
A comparison between theory and experiment may help
reveal the mechanism associated with the “quasi-stable”
state of microbubbles resulting from exposure to consecutive
ultrasound pulses. Under the inﬂuence of normal diffusion
processes, a 10lm uncoated air bubble would dissolve in
1.17s in a degassed water solution.
21 We have shown previ-
ously that the lipid shelled Deﬁnity
V R microbubbles used here
will take much longer to dissolve due to the less soluble gas
and the encapsulating lipid shell.
22 Thus changes in the scat-
tered signal due to diffusion would be expected to be
FIG. 1. (a) Sequence of 8 frames with inter-frame time of 152ns taken from the Brandaris camera, showing the compression phase of oscillation, in response
to an incident pulse of 300kPa. The bubble can be seen to fragment in frame 4, and shedding of a small lipid bubble is observed. Initial resting radius was
R0¼4.8lm, and the ﬁnal resting radius R0¼3.5lm. The R0¼3.5lm microbubble was observed to remain spherical and stable after the insonation. At lower
pressures, this loss of shell material is not visible. (b)–(d) Radial oscillations of three microbubbles in response to non-consecutive 1.7MHz100kPa pulses
(1st, 5th, and 20th pulse are shown, with 80ms between pulses). Initial radii are (b) above resonance R0¼3.0lm, (c) approximately at resonance R0¼2.7lm,
and (d) above resonance R0¼2.2lm. At the end of each of these three oscillations, a reduction in radii of (a) 0.1lm, (b) 0.3lm and (c) 0.8lm had occurred.
No reduction in radius was observed between oscillations. (e) The respective change in microbubble radius of six microbubbles (R0), and how the fundamental
amplitude of oscillation is affected in each case. Also plotted is the ﬁtted resonance curved from 43 microbubble’s 1st pulse responses (dashed line), with 95%
conﬁdence interval shown (faded dashed line). Microbubble decay follows a “controlled path” on the resonance curve, suggesting microbubbles which have
reduced in radius behave as if insonated for the ﬁrst time.
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exposures in the experiments. Similarly the effects of gas
diffusion on the bubble radius during insonation have also
been shown to be negligible. Previous optical measurements
on a lipid shelled agent over a similar time scale have shown
that a single 10lm bubble will, however, reduce in radius
15
and the shell has been observed to deform before sub-
sequently returning to a stable spherical state. It was pro-
posed in this study that these observations were due to lipid
shedding.
Microbubbles that are reduced in size in response to
consecutive insonations are associated with an initial approx-
imately spherical oscillation. Subsequent responses are also
spherical, but occur at reduced radius as observed in Fig. 1.
This supports the above suggestion of shedding of shell ma-
terial. The subsequent change in radius DR¼R01 R02 and
loss in shell material area DA¼4p(R01
2 R02
2) has been be
calculated for each microbubble measured. If we assume that
the area density of lipid remains approximately constant
through sequential insonations, then the area of lost shell ma-
terial will be directly proportional to the shell volume or
mass. The mechanism of this loss of shell material is cur-
rently not fully understood, but it is shown here that this evo-
lution occurs with the maintenance of sphericity.
Fig. 2 shows that the reduction in area DA calculated
from 32 stable microbubble oscillations signiﬁcantly corre-
lates (r¼0.6) with the relative amount of compression the
bubble undergoes, where C¼(D0 Dmin)/D0. The range of
change in radial amplitude is between 1% and 15%, with the
larger changes occurring at resonance where the largest
amplitudes of oscillation occur. Assuming size reduction
occurs with the maintenance of sphericity, microbubble dis-
ruption is likely to be associated with excess lipid shedding
in order to maintain consistent tension in the bubble shell.
15
The data shown in Fig. 2 show a signiﬁcant correlation
between the amount of compression a bubble undergoes and
the subsequent amount of shell material shedding. Increased
amounts of compression lead to an increased likelihood that
the bubbles will undergo shedding. Bubble signals are
grouped by their relative expansion to compression (E/C) ra-
tio, where relative expansion E¼(Dmax D0)/D0, as previ-
ously deﬁned by Ref. 23, into three categories: E/C 0.5,
0.5<E/C 1, and E/C>1. Although bubbles of all three
categories are present above compression ratios of C>0.4,
the lack of expansion dominated signals (E/C>1) with both
small amount of compression and large amounts of deﬂation
suggests that compression is the dominant parameter for
reduction in area. This data suggests there is a compression
threshold below which the lipid shell is able to resist mono-
layer collapse or else recover from small amounts of collapse
without loss of material. This may be related to low ampli-
tude oscillations containing inadequate mechanical force to
eject material.
The microbubbles investigated here are ﬂoating against
the wall of a tube, which has previously been shown to pro-
duce asymmetric oscillations.
20 By comparing our settings
with Vos et al.
20 we can conclude that the microbubble oscil-
lations here present small asymmetries, and are thus relevant
to targeted microbubble applications that are attached to a
cell membrane or other surface and exposed to similar ultra-
sound ﬁelds. The experiments here were carried out at room
temperature, which is well below the range of temperatures
(42–55  C) at which a phase transition would be expected to
take place.
14 However, previous experiments
20,24 have
shown that lipid shelled microbubbles may undergo expan-
sion at body temperature and show increased relative radial
excursions upon insonation, both effecting their survival. In-
vitro measurements made at room temperature, such as those
presented here, therefore require careful interpretation with
regard to behaviour in-vivo.
The data here present evidence that suggest that a mecha-
nism of shell material shedding takes place at acoustic pres-
sures below the microbubble fragmentation threshold, and
that this mechanism can be reproducibly controlled. This
mechanism may be studied further with the use of ﬂuores-
cence imaging. This “quasi-stability” may be treated as a
memory effect and help optimise signal processing algorithms
to further improve the sensitivity of ultrasound contrast imag-
ing. In addition, the controlled loss of shell material may be
the subject of future drug delivery investigations. In particular
where therapeutic materials are bound to the outside of the
microbubble,
25 this mechanism of shell degradation requires
better understanding to ensure efﬁciency in delivery to a target
site. The potential for formation of new encapsulated struc-
tures from shed lipid and the implications for drug uptake will
also require further investigation.
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